Abstract: BACKGROUND Clinical studies on zirconia abutments report very good survival rates and biological and technical results, but few have an observation period of more than 5 years. PURPOSE The aim of this study was to assess the long-term performance of customized zirconia implant abutments supporting all-ceramic crowns. MATERIALS AND METHODS Twenty-seven patients receiving 54 single implants were included (25 incisors, 14 canines, 15 premolars in both jaws). Yttria-stabilized zirconia abutments were screwed to the implants with a defined torque. All-ceramic crowns were adhesively cemented onto the abutments. The implants, abutments, and crowns were clinically and radiographically examined after 11 years of use. Modified United States Public Health Service (USPHS) criteria were used to assess technical outcomes: fracture of abutment/crown framework/veneering ceramic, loosening of abutment screw/crown, marginal adaptation, anatomical form, occlusal wear, and abutment fit. The biological parameters were pocket probing depth, plaque control record, bleeding on probing, papilla index, and gingival/mucosal recession at implants and neighboring natural teeth. The cumulative success rate of abutments and crowns was calculated by the Kaplan-Meier method. The results of the USPHS criteria were analyzed descriptively. RESULTS Sixteen patients with 31 zirconia abutments were examined at 11.3 (±0.9) years after implantation. No abutment or crown was lost. The cumulative success rate was 96.3% for abutments and 90.7% for crowns. Two abutment screws loosened, and three crowns exhibited minor chipping. There were no biological complications. CONCLUSIONS Customized zirconia single implant abutments exhibited excellent long-term outcomes in anterior and premolar regions. 
INTRODUCTION
Implant-supported single-crowns are a valid and established alternative to conventional fixed dental prostheses (FPDs) for single-tooth replacement. 17 One major reason is that implant reconstructions exhibit very good survival rates today. The probability of survival for conventional tooth-borne FPDs was calculated 89.1% at 10 years, whereas it was even slightly superior with 89.4% for single implant reconstructions at 10 years according to the results of two systematic reviews. 22, 49 Besides sound survival rates, the goal of an implant treatment is to achieve a harmonious reconstruction that cannot be distinguished from natural teeth by the naked eye. This is of particular importance in the challenging and most exposed anterior region of the jaws.
The appearance of a tooth within the dento-gingival complex is composed by the optical characteristics of the crown and the complexion of its surrounding soft tissue, previously referred to as the 'white' and 'pink' esthetics. 31, 34, 38 For satisfying 'white' and 'pink'
esthetics of an implant reconstruction, the color and shape of the implant crown and of the peri-implant soft tissue are crucial. 13, 29, 44, 58 Interestingly, a high number of human studies investigated the influence of the abutment material on the mucosal color over the past years. 7, 16, 20, 36, 41, 54, 61 The existent abutment materials vary from gold or titanium to the high-strength ceramics alumina and zirconia. 57 While titanium abutments may cause a greyish discoloration of the peri-implant mucosa, ceramic abutments are reported to minimize soft tissue shadowing due to their color and the enhanced translucency and may lead to optimal esthetic results in combination with all-ceramic crowns. 35 Moreover, a correlation was found between mucosa thickness and mucosa color, dependent on the abutment material used. 20, 21 As a result, ceramic abutments are applied more and more often in esthetically demanding areas.
The high-strength ceramic zirconia was introduced in 1995 as abutment material and its use is steadily increasing. 48 Superior material stability compared to conventional ceramics combined with a more advantageous color is the main advantage of zirconia over titanium.
The type of zirconia used in dentistry is partially stabilized tetragonal zirconia poly-crystals.
This specific type of zirconia exhibits very high fracture toughness, i.e. resistance towards crack propagation, through a phenomenon called "transformation toughening". 37 This phenomenon could be one reason for the so far excellent clinical survival rates. Even though, the transformation from tetragonal to monoclinic zirconia lowers the material's fracture toughness over time. 47 Clinical studies on zirconia abutments report very good survival rates and biological and technical results with a maximum observation period of 5 years. 8, 11, 13, 26, 33, 43, 59, 61 Two systematic reviews compared ceramic abutments to metal abutments. 41, 60 There were no differences with regard to the survival rates, or the technical and biological outcomes after 5 years of clinical function. 41, 57 Albeit 5 years is a rather short time for zirconia abutments to be in function. In vitro studies demonstrated a decrease of 50% of the fracture toughness, when zirconia was exposed to a simulated 10-year aging process in a humid environment. 47 Up to now, there is no clinical long-term data of zirconia abutments available, since existing studies report on the longest follow-up of 5 years. 8, 11, 13, 26, 33, 43, 59, 61 There is one study with 4 patients receiving 6 single implants (3 maxillary central incisors, 3 canines) and all-ceramic crowns which were adhesively cemented to zirconia abutments. 12 No abutment fractures occurred at a follow-up of 6 years (mean observation time 74.6 months). Thus, it remains to be clarified whether or not aging leads to a clinically relevant reduction of the physical properties of zirconia in the long run.
The aim of the following study, therefore, was to test the clinical long-term outcomes of single implant zirconia abutments supporting all-ceramic crowns in anterior and premolar regions. The present manuscript is an update of the previously published manuscript on the 4-year results.
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MATERIAL & METHODS
Study design and patient selection
Twenty-seven patients (16 women, 11 men) with 54 missing single teeth in need to be replaced by implants in anterior and premolar regions of both jaws were included in this prospective clinical study. The inclusion criteria were listed in the previous manuscript. 13 All patients were thoroughly informed about the purpose and protocol of the planned investigation and informed consent was obtained.
Surgical procedures
Implants (Brånemark system Mk II Regular Platform implants, Nobel Biocare, Gothenburg, Sweden) with an external hexagon were placed according to a standard, 2-stage protocol. Approved criteria were used to define implant success. 2 Abutment connection was performed after the healing periods of up to 6 months.
Prosthetic procedures
An impression on implant level was performed with a polyether material (Permadyne, 3M
Espe, Seefeld, Germany) using a prefabricated impression coping. Screw-retained acrylic implant provisionals were manufactured and inserted onto the implants. The peri-implant soft tissue was conditioned in several appointments by continuous adding of composite to the provisional crown until a most harmonious shape of the emergence profile was achieved.
Subsequently, an impression with polyether material (Permadyne, 3M Espe, Seefeld, Germany) was taken at fixture level using an individualized impression coping according to a described method.
14 One experienced dental technician made the customized abutment ingots (Metoxit, Thayngen, Switzerland). For this, firstly the wax-up of the prospective definitive crown was tried-in at the patient and esthetic adjustments were performed, if needed. Then, the desired custom shape of the abutment was created out of resin (GC Pattern Resin LS, Leuven, Belgium) (pro-abutment) according to the shape of the crown wax-up to ideally support the reconstruction. Thereafter, the dental technician chose the most suitable diameter of the prefabricated yttrium-stabilized zirconia abutment ingots. The ingot was customized manually with diamond burs guided by copy milling so as to reproduce the pro-abutment.
Attention was paid to ensure a minimal abutment wall thickness of 0.5mm. The abutment was clinically tried-in and corrections with concern to emergence profile and likewise location of the prospective crown margin were made either intra-or extraorally with diamond burs. Together with the implant abutment, an all-ceramic crown was produced on the basis of the shape of the wax-up (Empress I, Ivoclar Vivadent, Schaan, Lichtenstein). The completed zirconia abutment was screw-retained to the implant with a gold screw (DCA 1045, Brånemark system) and a defined torque of 32 Ncm, according to the manufacturer's recommendations. The screw access hole was covered with guttapercha and composite and the all-ceramic crown was adhesively cemented onto the zirconia abutment (Panavia TC, Kuraray, Okayama, Japan). Baseline was set at abutment/crown insertion.
Abutments/crowns that remained inserted during the observation period were considered as "survival".
Abutments/crowns that did not have any event were considered as "success".
Clinical parameters
Clinical examinations were performed at 1 month, and at 1, 4 and 11 years of follow-up.
Implants, abutments and crowns were evaluated for their survival, and technical and biological outcomes.
Modified United States Public Health Service (USPHS) criteria were used for the assessment of the technical outcome of the crowns at 11 years. 5 A crown was rated Alfa (A) if no problem occurred, Bravo (B) if small but clinically acceptable defects were found, Charlie (C) if a crown was clinically unacceptable, due to any issue, but still justifiable to remain in clinical function (repairable problem up to a clinical acceptable level through e.g. polishing),and Delta (D) if the crown was not justifiable to remain in clinical function due to a non-repairable problem, i.e. the crown had to be replaced.
The evaluated parameters included fracture of the abutment and/or crown framework, fracture of the veneering ceramic, loosening of the abutment screw, loosening of the crown (decementation), marginal adaptation, anatomical form and occlusal wear. Additionally, the fit of the abutment was assessed by rating the connection between abutment and implant radiographically. Thereby, the connection was defined 0 if no gap was clinically detectable, 1 in case of a gap between abutment and crown and 2, if there was a gap between abutment and implant.
The biological outcome was assessed with a periodontal probe (PCB 12; Hu-Friedy, Leimen, Germany) at implants (test) and neighboring natural teeth (control) at four sites per implant/tooth. Mean values were calculated. Pocket probing depths (PPD), and presence or absence of plaque (modified Plaque Index, mPlI) and bleeding on probing (BOP) were recorded. 30 The distance from the crown margin to the margo mucosae of the implant site was measured as compared to the distance of the cement-enamel-junction to the margo gingivae of the neighboring natural teeth (Figure 2, 3) . Besides, the mesial and distal papillae of the implant site and adjacent natural teeth were judged by means of the index published by Jemt. 18 Orthoradial radiographs (Kodak Ultra Speed, Eastman Kodak Co., Rochester, New
York, USA) were taken of the implants with the long-cone parallel technique at 11 years of follow-up (Figures 1-4) . 53 Previously, bone levels have been assessed at baseline, 1 and 4 years of follow-up. 13 Mesial and distal bone levels were measured and the peri-implant bone loss was calculated from baseline to the 11-year follow-up. For this purpose, the radiographs were digitized and the distance in 0.1mm increments was calculated from the implant-abutment connection as reference line to the most coronal bone-to-implant-contact. The known distance between implant threads (0.6mm) was used for calibration.
Statistical analysis
The cumulative success rate of abutments and reconstructions was calculated with KaplanMeier statistics. Mean values and standard deviations were used for the statistical analysis of biological and technical factors. The analysis was performed using a statistical software program (SPSS, Version 17). The level of significance was at 0.05%. The results of the USPHS criteria were analyzed descriptively.
RESULTS
Sixteen patients (9 women, 7 men) with 31 zirconia abutments (15 maxillary incisors, 9
canines, 4 premolars and 3 mandibular premolars) were examined after a mean observation time of 11.3 (SD 0.9) years. Eleven patients (7 women, 4 men) with 23 implants/ abutments did not show up for the 11-year follow-up and could not be tracked.
None of the examined abutments and crowns was lost. Hence, the 11-year survival rate was 100% for both abutments and crowns.
Apart from the previously reported 2 abutment screw loosenings and 3 chippings of veneering ceramics, no further technical failures occurred up to the 11 year follow-up visit, neither at abutments nor at crowns (Figure 2) . 13 Therefore the Kaplan-Meier cumulative success rate was 96.3% for the evaluated abutments and 90.7% for the crowns, respectively. With regard to the USPHS criteria, the marginal adaptation was clinically acceptable for all crowns ( Figure 1-4 , Table 1 ).
The fit of all examined abutments/ crowns was satisfactory ( Table 2 ).
The biological integration of the implants, abutments and crowns was excellent with no biological complications at the implant sites. There were no significant differences for none of the evaluated parameters between test and control sites ( Table 3 ).
The mean peri-implant bone loss from baseline to 11 years amounted to 1.6 mm (SD 0.7 mm) (Figures 1-4) .
DISCUSSION
In this long-term prospective clinical study of zirconia abutments supporting all-ceramic single implant crowns in anterior and premolar regions, no abutment and/or crown fractures occurred and no loss of implants/abutments/crowns were found, resulting in a high survival rate. Furthermore, the technical outcomes were very good as well. Only in a few sites technical complications like loosening of abutment screws or chipping of the veneering ceramic occurred. Finally, the biological integration of the zirconia-based implant reconstructions was excellent with low amounts of bone loss and no signs of mucosal inflammation.
One distinctive feature of zirconia is its crack resistance, also called "transformation toughening". 37 This phenomenon increases the fracture toughness of the material and might be the explanation for the so far excellent clinical survival rates in the present study. After more than 10 years of function the zirconia abutments and supported crowns reached 100%
of survival and a complication-free rate of 96.3% in the present study. This result is very promising since the estimated 5-year cumulative survival rate of 99% and 97.5% reported for ceramic abutments in two systematic reviews are only slightly higher. 41, 57 The present outcome may lead to the assumption, that ageing of zirconia abutments seems not to be a clinically relevant issue for up to and more than 10 years in function. More long-term data is,
however, needed to further analyze this issue.
Today, zirconia abutments are being increasingly used in esthetic regions. However, in general not much information on zirconia abutments is available in the literature. In the above mentioned reviews, a relatively low number of zirconia abutments (124 zirconia abutments)
could be included because of the fact that only a limited number of clinical studies on zirconia abutments were published so far. 13, 15, 33, 41, 59 In addition, no clinical long-term data on zirconia abutments exist so far with the present study reporting on the longest follow-up period. Still, the available clinical studies support the use of zirconia abutments due to their successful outcomes at up to 5 years in function. 15, 26, 59 The present study reports on the long-term performance of externally connected zirconia abutments. Available clinical studies on internally connected zirconia abutments likewise support the successful use with no abutment fractures up to 5 years of service. 8, 15, 26, 33 A series of in vitro studies compared the stability of internally and externally connected zirconia abutments. 25, 42, 52 The results suggest that higher loads are needed until fracture of internally connected zirconia abutments compared to externally connected abutments. 25, 42, 52 Taking into account the excellent present long-term results for externally connected abutments, one might expect similar or even more favorable clinical outcomes for internally connected abutments on long-term.
Despite these positive findings, technical complications leading to the loss of the zirconia abutments, most specifically fractures, have also been reported in one retrospective study and two case reports. 11, 40, 55 No detailed information was given on the fabrication method of the fractured abutments. 11, 40, 55 It is well known that factors like the processing technique or thickness of the abutment walls may affect the stability of zirconia implant abutments. 23, 24, 27 Most studies on zirconia abutments, however, do not depict neither fabrication method nor abutment thickness. 23, 24, 27, 32, 56 When being milled out of a zirconia block, the abutment wall thickness should not go below 0.5mm, which was assured in the present study. 10 A wall thickness of at least 0.7mm for zirconia abutments was advised in another study. 6 Thus, special care should be given to the manufacturing and handling of zirconia abutments and more information on both should be provided in future clinical studies in order to draw conclusions for the clinical success of zirconia abutments.
It has been shown that different types of surface treatments of zirconia, like e.g. grinding induce different amounts of surface roughness. Surface roughness may negatively influence the mechanical stability of the material and increase the risk for fracture of the abutments over time. 28 For this reason, the abutments were polished to high glaze prior to clinical application in the present study.
The frequency of 6.5% abutment screw loosening is similar in the present study to a prospective clinical study on single implants with external connection. 3 In that study, 7.3% abutment screws loosened during the 3-year observation period. 3 These rates are higher than the estimated rate of 1% at 5 years as reported in a systematic review on abutments both with internal and external connection. 41 The authors found a trend toward fewer abutment screwloosening rates for internally connected abutments compared to externally connected abutments. 41 In agreement with this trend no event of screw loosening was found in one study on internally connected zirconia abutments after 3 years. 15 A more recent study found 2.7% abutment screw loosening for internally connected zirconia abutments after 5 years of function. 26 Loosening of abutment screws with the external-hex implant systems was a wellknown technical problem in the past. 15 Nowadays, the stability of the external implantabutment connection improved by altering the screw alloys and their surfaces and applying
proper torque values to establish higher initial preloads. 15, 19 This might explain, why another systematic review did not find any influence of the implant-abutment connection on the incidence of abutment screw loosening (provided that proper antirotational features and torque were applied). 50 In addition, there was a high accuracy of fit of the abutment in the present study due to the prototype abutment. The occurrence of chipping in the present study (9.7%) is in accordance with a study on all-ceramic crowns supported by zirconia with a chipping rate of 10%, even after 12 months. 33 The crowns were cemented with glass ionomer cement in contrast to the adhesively cemented crowns in the present study. 33 A more recent study found even 10.8% chipping after 5 years for temporarily cemented all-ceramic crowns supported by zirconia abutments. 26 Whether the cement had an influence on the chipping rate remains to be further analyzed.
A systematic review and a study on all-ceramic crowns supported by zirconia abutments studies found less chipping with an estimated rate of 4% at 3 and 5 years. 15, 41 A recent systematic review found solely 3.2% chipping at crowns supported by zirconia abutments. 60 Thus, other factors like e.g. an insufficient cooling time of zirconia which importance was underrated in the beginnings of the use of zirconia might have contributed to the high chipping rates. 51 The present excellent biological integration of zirconia abutments is in accordance with several clinical studies substantiating less inflammation and bacterial adhesion compared to titanium. 9, 39, 45 The bone loss in the present study is within the regular range for this type of implant, mostly occurring within the first year after loading. 4, 46 In addition, the bone loss correlates to the formerly set implant success criteria, wherein bone loss should not exceed 2 mm.
CONCLUSIONS
The following conclusions can be drawn within the limitations of the present study:
• Customized zirconia implant-abutments exhibited excellent long-term survival and technical and biological outcomes and can be used to support single-implant crowns in anterior and premolar regions
• Zirconia abutments seem not to be increasingly prone to fractures over time 
